The operability of Granier-type heat dissipation sap flow meters for the medium-term monitoring of Scots pine transpiration was tested. Three sensors that had been working for 3 years were duplicated by inserting new sensors in the same trees. The new sensors operated simultaneously with the old sensors for 18 months. Analysis of the temporal patterns of thermal dissipation of the sensors showed a slight, but significant decrease in all sensors, indicating the conservation of sapwood thermal properties. Although there was a high correlation between sap flux densities registered by the old and new sensors, significant differences in sap flux densities between the duplicated sensors were detected. Such differences could not be attributed to tissue injury around the sensors or to loss of sensitivity of the old sensors, because two of the old sensors registered higher flux rates than the new sensors. No instrumental error to explain the sap flux differences was found. Because the new sensors were installed at some angular distance from the old sap flow meters to avoid thermal interferences, it was inferred that the observed sap flux differences between duplicate sensors were the result of an azimuthal sap flow pattern.
Introduction
Sap flow methods have important advantages over other techniques for measuring tree and bush transpiration. For example, unlike micrometeorological techniques, sap flow methods can be used to measure transpiration in a non-homogeneous terrain (Granier et al. 1996) . Furthermore, sap flow measurements distinguish between plant and soil evaporation, and can be used to measure transpiration of different species in a mixed plant stand (Granier et al. 1996, Smith and Allen 1996) . Transpiration measurement methods based on cuvettes are not suitable for long-term measurements because they are labor intensive (Dugas et al. 1993) , whereas sap flow methods are easily automated, enabling the continuous measurement of transpiration. Moreover, sap flow measurements are easy to set up, inexpensive and can work independently (battery operated system) in any field condition (Èermák et al. 1995) . Thus, sap flow techniques are the most suitable option for measuring transpiration of non-homogeneous areas such as forest patches growing over old agricultural terraces in mountainous areas, as is the case in our study.
There are three sap flow techniques for transpiration measurement: the heat pulse method (Huber and Schmidt 1937 , Swanson 1967 , 1972 , Cohen et al. 1985 , the tissue heat balance method (e.g., Èermák et al. 1973 , 1976 , Kuçera et al. 1977 , Èermák and Kuçera 1981 and the heat dissipation method (Granier 1985 (Granier , 1987 , which is the technique used here.
Some sources of uncertainty, most of which are common to all sap flow methods, have been described in the literature (Swanson 1994 , Smith and Allen 1996 , Köstner et al. 1998 including: (a) probe length; (b) necrosis of the tissues surrounding the sensors; (c) axial and azimuthal variations of xylem sap flux within the stem; and (d) scaling of sap flow from probe to tree or stand transpiration. The potential errors associated with the cross-sectional area and length of sensors have been considered in several studies (Lu 1992 , Köstner et al. 1998 ) and they were recently reviewed by Clearwater et al. (1999) .
Sap flow meters could damage the tissues surrounding the sensors after an extended period of operation. For this reason, Köstner et al. (1998) recommended changing sensors after a growing season. There are few published data on this point, although Bobay (1990) showed that probes could be used for up to 3 years in Castanea sativa Mill. without causing harm to sapwood tissues. There is also a lack of research on the sensitivity of sensors under different conditions. Several authors have described radial and axial variations in xylem water content and sap flow in conifers that alter the pattern of xylem sap flux (Èermák et al. 1992 , Phillips et al. 1996 , Èermák and Nadezhdina 1998 . These irregularities could also affect the azimuthal distribution of sap flow in trunks. Although azimuthal distribution of sap flow has been observed, there are few studies on azimuthal variations in sap flow in conifers (Swanson 1967 , Lassoie et al. 1977 , Granier 1987 , Loustau et al. 1998 ).
There are several difficulties when scaling up from the sen-sor to the tree or stand. Scaling from a sensor to a tree depends largely on the species monitored and on its sapwood and sap flow variations (Granier et al. 1996) . The sampling strategy used can become a major difficulty when extrapolating sap flow data from the sampled trees to a stand (Granier et al. 1996 , Köstner et al. 1998 , Cienciala et al. 1999 . It is essential that the sampled trees are representative of stand density and composition.
In hydrological research at the experimental catchment scale, medium-term (several years) monitoring of the different water balance terms is essential to understand the effects of variations in climate and environmental changes on hydrological processes. The need for continuous monitoring is even more acute in Mediterranean areas because of the strong seasonality and marked interannual variability of rainfall and soil water content.
The objective of our study was to analyze the operability of heat dissipation sap flow meters for the continuous mediumterm monitoring of sap flux in a Pinus sylvestris L. stand from a mountainous Mediterranean area.
Materials and methods

Study area
The Cal Parisa basin (42°12′ Ν, 1°49′ E) is located in the southern boundary of the Pyrenees, in the headwaters of the Llobregat river, 1500 m above sea level. The climate is subMediterranean, with a mean annual precipitation of 925 mm, which is highly variable throughout the year. Mean annual temperature is 7.3°C, with a daily maximum of about 35°C in summer and a minimum of about -10°C in winter. The annual reference evapotranspiration value estimated with the Penman-Monteith FAO method (Smith et al. 1992 ) is about 900 mm (F. Gallart et al., personal communication) .
The predominant vegetation is composed of mesophile species typical of abandoned lands, although there has been progressive spontaneous reforestation by Pinus sylvestris, which has increased from 5 to 25% of the total basin area in the last 20 years (Llorens et al. 1997) .
The Cal Parisa basin has been studied since 1989 as representative of the hydrological response of mountainous areas with abandoned fields (Llorens 1991, Llorens and . The main geoecological effects of the earlier agricultural land use include marked modifications to the vegetation cover, microtopography and drainage net, with significant impacts on geomorphological and hydrological behavior , Gallart et al. 1994 .
Sap flow heat dissipation method
Terminology and units follow those of Edwards et al. (1997) . The thermal device used to monitoring sap flow comprised two probes with T-type thermocouple junctions inserted halfway along each probe.
The heat dissipation technique (Granier 1985) is based on the temperature difference between two 20-mm-long, needle-shaped probes that are inserted radially, usually at a height of 1.3 m (breast height) into the sapwood, and separated vertically by approximately 15 cm. The upper probe is electrically heated at constant power and the lower probe remains at wood temperature as a reference. The temperature difference between the probes is lower when the transpiration rate is higher, and maximum in the absence of sap flow. The sensor is connected to a data logger for continuous data recording.
The dependence of sap flux density (ν; mm 3 mm -2 s -1 ) on the temperature difference is defined as (Granier 1985) :
where ∆T m (°C) is the temperature difference between probes when ν = 0, ∆T (°C) is the temperature difference between probes at sap flux density ν, and α and β are experimental parameters with values of 0.119 and 1.231, respectively, which were statistically validated for a large range of wood characteristics. The quotient (∆T m -∆T )/∆T is known as the flux index (dimensionless).
Total tree sap flow, Q (l s -1 ), is obtained by multiplying sap flux density by sapwood cross-sectional area (A sw , m 2 ) of the tree at the sensor level, assuming that ν is constant along the sapwood radius.
Experimental plot
An experimental plot in the Cal Parisa basin has been monitored since 1993 to evaluate forest water balance. This 198-m 2 plot has a monospecific cover of Pinus sylvestris with no understory. Stand density is about 2400 stems ha -1 . The mean age of the trees is 39 years with a coefficient of variation (CV) of 18%, mean height is 10 m with a CV of 28%, and the mean diameter at breast height (DBH) is 17.3 cm with a CV of 43.5%.
The plot was instrumented for the monitoring of tree transpiration (sap flow meters, IMKO Gmbh, Ettlingen, Germany; and sap flow meters built in our own laboratories), interception (throughfall collectors and stemflow rings built in our own laboratories) and soil water content (Tektronix cable tester 1502C; Tektronix Inc., Redmont, OR) and soil water potential profiles (SKT 600 Tensiometers; Skye Instruments Ltd., Powys, U.K.). These instruments were connected to a data logger (Data Taker 500, Data Electronics Pty. Ltd., Rowville, Australia) that allowed a resolution of 1 µV in measurements of thermocouple signal. The sap flow sensors were scanned every 10 s and means stored every 15 min.
Monitoring design and measurements
In June 1994, six trees were selected to monitor sap flow. The sampled trees were considered representative of the tree size distribution in the stand. Two trees were chosen from each of the DBH classes 15-20 cm and 20-25 cm, and one tree was chosen from each of the DBH classes 10-15 cm and 25-30 cm. To avoid sapwood radii < 2 cm, which is the length of the probes, no tree of DBH < 10 cm was monitored. The sensor heaters were connected to electronic current intensity regulators that were fed by solar panels and batteries.
From 37 cores sampled from trees in the proximity of the plot, the relationship between sapwood cross-sectional area (A sw ) and basal area (BA) was established (A sw = 0.687BA; n = 57; r = 0.993). All cores were extracted from the northern face of each trunk and A sw was determined visually just after core extraction, when the sapwood was completely wet. This relationship was used to scale probe sap flow measurements to the tree.
From July 1994 until June 1997, six sap flow meters were operating in the six trees selected. In June 1997, six new sensors were installed in the same six trees relatively close to the old sensors, but some distance between them was needed in order to avoid cross-influences of the heating. The previous sensors were left in three of the trees. All old sensors were oriented to the north, whereas the new probes were oriented at 93°(E, Tree 14), 262°(W, Tree 33) and 242°(SW, Tree 25). In this way we obtained the duplicated value of the sap flux density in some trees and tested the validity of the old sensors. The duplicated sap flow meters were operated until November 1998, when the old sensors were disconnected. The old sensors had moved out with the new growth during the 4-year study period, and did not show any apparent deterioration in sensitivity.
The old sensors were obtained from IMKO Gmbh, whereas the new sensors were made in our laboratories. Both the old and new sensors were manufactured as described by Granier (1985) , so differences in the behavior of the two sets of sensors could, therefore, be attributed to differences not specified in the design.
Heating power supplies were checked and no variation in their values was observed during the measurement period (July 1994-November 1998). Heating power supplied to the new sensors was 3.8% higher than that supplied to the old sensors. This difference was not significant (t(4) = 0.5; P = 0.61) and there was no significant correlation between power supply and maximal temperature difference (∆T ) (n = 9; r = 0.336).
Results
Analysis of the maximal temperature differences
For the sap flux density calculation based on the heat dissipation method, the daily maximal temperature difference (∆T m ) between the probes was used as a reference, corresponding to a null sap flow (currently from midnight to before dawn). The value of ∆T m was determined for each sensor by taking the upper envelope of the maximal nocturnal succession for a period of about 10 days, because climatic conditions could lead to nocturnal transpiration and therefore to a non-maximal ∆T for some days (Granier 1987) . For each sensor, apart from its own thermal dissipation and electrical resistance characteristics, ∆T m depends on the sapwood thermal properties and the current applied to the probe. We calculated sap flux from the relative difference between ∆T and ∆T m , which is the flux index (see Equation 1 ).
The electromotive force produced by the thermocouples (E(∆T m ), mV) was used in the subsequent analysis as a surrogate for ∆T m because these variables can be assumed to be linearly related within the range of values considered, and E(∆T m ) was the variable measured.
Daily E(∆T m )s were determined for the whole period of operability of the sensors. All sensors showed a decrease of about 0.05 mV during the 2 months subsequent to installation. For the entire operational period from July 1994 to November 1998, E(∆T m ) registered by the old sensors decreased in the three trees measured, although the slope was small (about 10 -5 mV day -1 ). For the period from June 1997 to October 1999, the new sensors also showed a slight decrease in E(∆T m ) that was of the same order as that recorded by the old sensors.
For the period when duplicate sensors were operating (June 1997-November 1998), no statistically significant decrease in E(∆T m ) of any of the sap flow meters was observed (Table 1 ). All new sensors registered higher ∆T m values than the old sensors, although they showed similar temporal tendencies throughout the duplicated period (Figure 1 ). However, there were some temporal fluctuations in ∆T m that may be related to climatic conditions and water availability of the trees. There was an increase in ∆T m in summer 1998, which was a drought period (Figure 1) .
Analysis of sap flux densities throughout the duplicated period
Sap flux densities registered by sap flow meters inserted in the same tree were not expected to differ significantly if both sensors functioned correctly and if there was no injury in the cambium surrounding the sensors. However, we found significant differences in daily sap flux density between sap flow meters (Table 2; Figure 2 ). In Trees 25 and 33, sap flux densities registered by the old sap flow meters were 57 and 44% higher, respectively, than those registered by the new meters. In contrast, in Tree 14 the sap flux density registered by the new sap flow meter was about 30% higher than that registered by the old meter. Daily courses of sap flow density at 30-min steps were also analyzed to verify differences between sensors. Figure 3 shows the hourly sap flux density for 11 days with varying meteorological conditions in September 1997. (s = 0.0081) for Tree 33. Relative differences in sap velocity between sensors inserted in the same tree were of the same order, irrespective of changes in soil water content and meteorological conditions. Therefore, differences in sap flux densities registered by duplicated sensors during the daytime when sap flux velocity was maximal cannot be attributed to a time lag between sensors. Linear regressions between duplicated sensors ( Figure 4 ) were highly correlated, although slopes differed from unity. Thus, despite differences in sap flow densities, measurements from sensors inserted in the same tree showed the same tendency and responded similarly to variations in environmental conditions and water availability (data not shown).
Relative differences in daily sap flux density between duplicated sap flow meters were calculated as sap flux density difference between the old and the new sensor divided by the sap flux density registered by the old sensor. Figure 5 shows linear regressions of this variable versus time. In all trees, absolute values of relative differences increased slightly but significantly with time, if neighboring points are assumed to be independent (Tree 14: t(294) = -7.17, P < 0.001; Tree 25: t(117) = 15.49, P < 0.001; Tree 33: t(251) = 2.24, P = 0.025).
Discussion
The measured sap flux densities show that: (1) there were large differences between the sap flux densities registered by old and new sap flow meters; (2) the old sensors registered higher sap flux densities than the new sensors in two of the three monitored trees (Trees 25 and 33), indicating that there was no injury to the tissues surrounding the old sap flow meters, at least in these two trees; (3) sap flux densities registered by old and new sensors were highly correlated, indicating that the old probes were operating correctly after 4 years; (4) sap flux density differences between probes tended to increase with time in all trees and (5) there were differences in sap flux densities during the daytime (1000-1900 h).
Verification of the temporal stability of ∆T m is necessary to assure the correct determination of sap flux. A temporal increase in this variable could indicate a decrease in heat dissipation as a result of variation in the thermal properties of wood, either as a consequence of tissue damage around the probes or to a decrease in the water content of the wood (Bobay 1990 ). The variable ∆T m increases during droughts, but returns to its original value when the tissues are rehydrated.
We observed a slight, but significant, tendency for ∆T m to decrease with time during all of the monitored periods (1994-98 for the old sensors and 1997-99 for the new sensors). Nevertheless, no statistically significant decrease in ∆T m was detected during the duplicated period. Therefore, provided that the temporal drift of E(∆T m ) is ≤ 10 -5 mV day -1 , it can be assumed that E(∆T m ) registered by each sensor is sufficiently constant to provide the correct determination of sap flux. This also leads us to infer that the tissues did not exhibit necrosis, because the temporal drift was in the opposite direction to that expected in response to tissue deterioration. Figure 1 shows that the new sap flow meters registered higher E(∆T m ) values than the old sensors, although sensors inserted in the same tree had a very similar pattern. However, the differences in the values registered by duplicated sensors cannot explain the differences in sap flux density. Figure 1 also shows that there were some periods in which E(∆T m ) varied, because ∆T m was affected by the water status of the trees. As indicated in Figure 1 , a few weeks are required to stabilize ∆T m values when sensors are connected for the first time. This trend was also observed when the old sap flow meters were connected in June 1994 (data not shown).
Because ∆T m showed a slight decrease over time, it was thought that differences between probes might be associated with an instrumental error. However, values of heating current did not vary, and the power supply remained constant throughout the study period. Furthermore, there were no significant differences in the heating current of sensors inserted in the same tree that could justify the differences in the ∆T m patterns and, therefore, in sap flux density registered by the two sap flow meters.
Although radial variations of sap flow within the trunk have been extensively studied (Swanson 1967 , Èermák et al. 1992 , Phillips et al. 1996 , Èermák and Nadezhdina 1998 in conifers. Swanson (1967) and Lassoie et al. (1977) showed that, for Picea engelmannii Parry ex. Engelm and Pseudotsuga menziesii (Mirb.) Franco, respectively, the heat pulse velocity measured on the northern face of the trunk was lower than at the other azimuths. Lassoie et al. (1977) suggested that these differences could be due to thermal interferences. Moreover, Granier (1987) , who also worked with Pseudotsuga menziesii, found that there was heterogeneity in water transfer in the sapwood but that the magnitude of the azimuthal variability of sap flow in this species was low. Granier (1987) concluded that this phenomenon was irrelevant for conifers because their wood is characterized by a homogeneous tracheidal structure that favors the lateral movement of water, thus allowing the homogenization of sap transfer within the trunk. Nevertheless, the use of two measuring points on the opposite sides of a tree trunk, in order to cover internal variability of sap flow, has been recommended (Èermák et al. 1995 (Èermák et al. , Cienciala et al. 1999 . However, to our knowledge, only Loustau et al. (1998) and Oren et al. (1999) have published results on azimuthal variations within the trunks of conifers (Pinus pinaster Ait. and Taxodium distichum L. Rich., respectively). Both studies showed that the magnitude of the azimuthal variability is significant and that the radial pattern of sap flux within sapwood could influence azimuthal distribution, especially in anisotropic trunks (Loustau et al. 1998 ). Sensors measured water flux, mostly to the crown section directly above, and higher sap velocity was measured at the most irradiated part of trees (Oren et al. 1999) .
In our study, the differences in sap flux densities may be associated with azimuthal sap flow patterns. Moreover, such variations in sap flux density could be enhanced because the experimental plot has a non-homogeneous structure, and the soil at the site is variable in depth and structure, with a considerable amount of large stones. This could easily affect root distribution and contribute to the large variability of sap flow rates around the trunk circumference (Cienciala et al. 1999) . Because the number of sensors that we tested was low, additional confirmation that the differences in sap flux densities were associated with azimuthal sap flow patterns is needed.
Sap flux tends to homogenize upwards in the axial direction, therefore, monitoring at a higher level than breast height has been recommended (Köstner et al. 1998 , Loustau et al. 1998 ). However, because many tree measurements are made at breast height, an alternative is to place at least two thermal devices at opposite cardinal sites to monitor the sap flux within a tree as recommended by Cienciala et al. (1999) . The use of the device designed by Lu (1997) to integrate the measurements of several heat dissipation sensors would be another 478 OLIVERAS AND LLORENS TREE PHYSIOLOGY VOLUME 21, 2001 possible solution, although an underestimation of mean ν can occur if there are gradients in ν along the length of the heated probes (Clearwater et al. 1999 ).
Conclusions
Our sensors operated for 4 years without changes in the readings that could indicate injury to the surrounding tissues. Therefore, we conclude that the differences in sap flux density measured by the duplicate sensors in a single tree were a result of azimuthal patterns of sap flow rather than sensor ageing. Nevertheless, this conclusion needs to be confirmed because we tested only a small number of sensors. Azimuthal variations in xylem sap flow also need to be examined in more detail to establish the general pattern of these variations and to develop a robust measuring design to overcome the uncertainties to which they give rise. Furthermore, changes in radial and azimuthal patterns in response to stress (Èermák et al. 1995 (Èermák et al. , Cienciala et al. 1999 need to be considered when working in areas that are susceptible to drought, as is the Mediterranean region.
